32, 611-620. The Na/Ca exchanger protein encoded by the NCX1 gene provides the predominant mechanism for calcium efflux during cardiac relaxation. Because -adrenergic stimulation increases expression of Ca 2+ channels (Ca 2+ influx) in cardiac myocytes, we tested the hypothesis that isoproterenol would concomitantly augment expression of NCX1. Four hour treatment of neonatal myocytes with isoproterenol significantly increased NCX1 gene and protein expression, and increased the rate of transcript initiation. Alpha-adrenergic stimulation significantly decreases NCX1 mRNA levels. Calcium transient measurements revealed that for cells that had been pretreated with isoproterenol there was a faster relaxation rate of the Ca 2+ transient in the presence of thapsigargin, indicating an enhanced rate of intracellular Ca 2+ removal. We conclude that effectors that increase calcium channel expression in neonatal myocytes also augments NCX1 gene and protein expression over a similar time course, and that this is due to enhanced NCX1 transcription. The regulation of expression of NCX1 by adrenergic pathways may play an important role in regulation of excitation-contraction coupling in cardiac myocytes.
Introduction
L-type calcium channel. 3 During relaxation, the sodium-calcium (Na/Ca) exchanger, encoded by The ability of cardiac myocytes to maintain cytosolic Ca 2+ within a tightly controlled range is crucial for the NCX1 gene, works in concert with SR Ca 2+ -ATPase to provide the main Ca 2+ removal mechnormal cardiac function. Evidence suggests that disturbances in Ca 2+ homeostasis often leads to anisms.
4,5
Congestive heart failure in humans presents a alterations in myocardial contraction and relaxation, as Ca 2+ movements are closely related triad of abnormalities including alterations in cardiac myocyte contraction and relaxation, into cardiac electrophysiological events, membrane integrity, energy metabolism and contractile functracellular calcium handling, and elevated circulating norepinephrine and epinephrine tion.
1,2 The sarcolemma and intracellular organelles ferry Ca 2+ into and out of the cytosol and play a concentrations. 1 Signaling through -andadrenergic receptors, norepinephrine and epicentral role in maintaining cytosolic Ca 2+ concentration. Cardiac contraction is mainly triggered nephrine modulates calcium homeostasis by acti-vating adenylyl cyclase, protein kinase A (PKA)
Methods
and protein kinase C (PKC), and thereby stimulating calcium influx through the sarcolemmal Neonatal cardiac ventricular myocyte culture calcium channel. 3 Calcium entry through reverse mode function of the Na/Ca exchanger also Two-day-old Sprague-Dawley rats were killed by contributes to the intracellular calcium pool. 6 decapitation, hearts were aseptically removed, and Over a slower time course, activation of PKA and ventricles were dissected, minced, and exposed to PKC regulates expression of multiple genes. The trypsin (Gibco Laboratories, Grand Island, NY, USA) goal of the present investigation was to determine treatment overnight at 4°C. Subsequently, the cells whether adrenergic effectors regulate NCX1 gene were dissociated by repetitive collagenase (Worthand protein expression and thereby modulate ington Biochemical Corp., Freehold, NJ, USA) treatintracellular calcium homeostasis. ment at 37°C, centrifuged at 800×g (4°C), and The mechanisms underlying regulation of expreplated in culture flasks for 75 min at 37°C. The pression of the Na/Ca exchanger and the calcium flask was gently shaken and non-adherent cells channel have not been completely elucidated.
were transferred to another flask for an additional Previous work from this laboratory demonstrated 75 min of preplating. Subsequently, the non-atthat when neonatal myocytes are exposed to tached cells (myocytes) were counted and plated norepinephrine or elevated intracellular calcium on 100-mm culture plates at a concentration of concentration there is an increase in mRNA 2. 3,7 It appears that were maintained in a humidified 5% CO 2 , 95% O 2 both -and -adrenergic signaling modulate this atmosphere. After 24 h, the medium was changed effect. Specifically, -adrenergic agonists attenuate to serum-free DMEM containing 10 −9  trimRNA levels for the DHP receptor whileiodothyronine (T 3 ; Sigma Immunochemicals, St adrenergic signaling augments DHP receptor exLouis, MO, USA), 5 ng/ml insulin, 5 ng/ml transpression. Because calcium channel abundance ferrin, and 5 pg/ml selenium (ITS premix; Coland I Ca increase in response to -adrenergic laborative Research Inc., Bedford, MA, USA). This agonists over the time course of hours to days, we concentration of T 3 in serum-free medium has been postulate a parallel increase in Na/Ca exchanger shown to be important for maintenance of a stable expression.
rate of protein synthesis 11 and for phenotypic staWork by other investigators has demonstrated bility of culture rat myocytes. 7 Serum-free medium that cytosolic calcium and -adrenergic agonists helps limit proliferation of non-myocytes and helps can regulate Na/Ca exchanger expression. Vemuri maintain the phenotype of the ventricular myoet al. 8 reported a rapid increase in exchanger cytes. 7, 11 After 24 h of culture in serum-free medium protein expression and activity when cytosolic the experiments were initiated. Typically, cells calcium is increased by ouabain treatment. It is started spontaneous beating after 24 h in culture. uncertain whether this alteration in exchanger abundance is due to changes in transcription rate for NCX1, message stability or protein stability. However, there is some evidence that suggests Reagents that regulation of exchanger expression, at least under some circumstances, is pretranslational. 3, 9 (-)Isoproterenol-HCL, isobutyl methylxanthine The promoter for the NCX1 gene contains can-(IBMX), chelerythine, 4 -phorbol 12-myristate,13-didate cis-acting sequences to which transcription acetate (PMA), 4 -phorbol 12,13-didecanoate factors responsive to PKA and PKC activation (PDD) were from Sigma Immunochemicals. may bind. 10 Accordingly, the present study tests the hypothesis that -and -adrenergic signaling, through activation of PKC and PKA, alter expression of the NCX1 gene through transcriptional regulatory processes.
Probe for Na/Ca exchanger A 600-bp rat brain NCX1 cDNA probe corresponding to nucleotides 1-600 was a generous gift of Dr Kenneth Philipson. lowing DNase (Promega) treatment and proteinase temperature followed by 15 min wash in 0.2× K digestion, labeled RNA was purified using Trizol SSC/0.1% SDS at 45°C and 15 min in 0.1× SSC/ Reagent (Gibco). The unincorporated isotopes were 0.1% SDS at 60°C. Blots were analyzed by phosremoved by Micro-30 spin column (BioRad). phorimager analysis (Molecular Dynamics, SunnyLabeled RNA was hybridized (40% formamide) at vale, CA, USA). To normalize for possible differences 42°C for 72 h to nylon membranes containing in amount of RNA loaded on gels and/or transfer 10 g each of linearized plasmid with cDNA insert of total RNA from the gel, filters were subsequently of NCX1 or GAPDH, and a negative control plasmid hybridized to a radiolabeled glyceraldehyde 3-phos-(vector alone without any cDNA insert). Following phate dehydrogenase (GAPDH) cDNA or to a hybridization, membranes were washed extensively [ 32 P]dATP oligonucleotide complementary to 18 S and subjected to autoradiography at −70°C for ribosomal RNA and analyzed by phosphorimager 5-7 days. The signals were detected and quantified analysis.
using phosphorimager analysis.
Immunoblot analysis Determination of intracellular calcium in cardiac myocytes Proteins were solubilized in sodium dodecyl sulfate (SDS) sample buffer containing 1% 2-merNeonatal myocytes were pretreated with isoproterenol (10 −6 ) for 4 h before being loaded with captoethanol at 100°C for 10 min. Proteins were separated by SDS-polyacrylamide gel electrofluorescent dye fura-2/AM (0.5 ) for 15 min at 37°C, and fluorescence measurements were rephoresis (SDS-PAGE). The proteins were then transferred to nitrocellulose membranes and non-specific corded with a dual-excitation fluorescence photomultiplier system (Ionoptix Corporation, Milton, binding was blocked with 5% BSA for 30 min in buffer containing 9 m Na 2 HPO 4 ·7H 2 O, 3 m MA, USA) as previously described. 13 Myocytes were placed on a Nikon inverted microscope and imaged NaH 2 PO 4 , 125 m NaCl, 0.08% Tween 20. The membranes were then washed three times for through a fluorescence 40× oil objective. Cells were exposed to light emitted by a 75 W lamp and 15 min and probed with an anti-Na/Ca exchanger polyclonal antibody (1:1000) from K. Philipson passed through either a 360 or a 380 nm filter (bandwidths were ±15 nm), while being elec-(UCLA). After washing three times for 15 min the Na + /Ca 2+ exchanger protein was detected using trically stimulated to contract at 0.5 Hz. Fluorescence emissions were detected between enhanced chemiluminescence (ECL) reagent (Amersham). The bands were quantified using a laser 480-520 nm by a photomultiplier tube after first illuminating cells at 360 nm for 0.5 s then at densitometer (Molecular Dynamics, Sunnyvale, CA, USA).
380 nm for the duration of the recording protocol (333 Hz sampling rate). The 360 excitation scan was repeated at the end of the protocol and quantitative changes in intracellular Ca 2+ concentration 4 was inferred from the ratio of the fluorescence intensity at two wavelengths. Fluorescent properties of the myocytes assessed include fluorescence intensity (360:380 ratio) and fluorescence decay time ( ).
Statistical methods
Data were analyzed using GB-STAT software (Dynamic Microsystems, Inc., Silver Springs, MD, USA) operating on an IBM-compatible personal computer. Differences between variables were analyzed by the non-parametric Kruskil-Wallis oneway analysis of variance. Data are shown as mean±standard error of the mean.
Results

Figure 1
Northern blot analysis of total RNA from rat ventricular myocytes treated with 10
Regulation of Na/Ca exchanger mRNA abundance by for 2 h. Cells were maintained in serum-free medium for 24 h before and during isoproterenol exposure. The Na/ isoproterenol in cultured neonatal ventricular myocytes expression in response to isoproterenol. Cells were cultured for 48 h (24 h in serum-free medium) before initiation of experiments. After 48 h myocytes were exposed to 10 −6  isoproterenol for indicated times; 100  ascorbate was included in all solutions to inhibit catecholamine oxidation. Initial studies on concentration-dependent effect show that 10 −6  isoproterenol produces the maximum effect on mRNA accumulation. Figure 1 shows a Northern blot of total RNA from cultured neonatal myocytes treated for 2 h with isoproterenol and hybridized with a cDNA probe for the Na/Ca exchanger. Previous work by others has shown that Northern analyses using brain Na/Ca exchanger cDNA probe identify two mRNAs in rat, 7.2 and 1.7 kb.
14 Our preliminary observations, as Ca exchanger:GAPDH was determined. The 7.2 kb band was used for all subsequent analyses. We observed augmented expression of exchanger time course of isoproterenol regulation of the DHP receptor transcript.
3 mRNA in response to -adrenergic stimulation following a 2 h incubation. This is very similar to the Figure 2 demonstrates an extended time course produced an increase in Na/Ca exchanger message levels increase in Na/Ca exchanger protein levels when comcompared to control. RNA loading was normalized to pared to untreated controls (lower panel). * n=8, 18 S rRNA. Ratio of Na/Ca exchanger to 18 S rRNA is P<0.05.
shown as a percentage of control (lower panel). * n=7, P<0.01.
of alterations in Na/Ca exchanger mRNA expression by isoproterenol. The onset of the isoproterenol response occurred at 1 h and peaked at 4 h at which incubation, isoproterenol stimulated a 60% increase in Na/Ca exchanger protein when compared to time Na/Ca exchanger expression is increased by two-fold, followed by a slight decline at 8 h. Na/ untreated myocytes. To confirm that increases in NCX1 mRNA and Ca exchanger mRNA accumulation decreases to control levels at 24 h (data not shown). Neonatal protein were due to PKA activation, we treated cells with a cAMP analogue and subsequently measured myocytes remain phenotypically stable in the presence of isoproterenol and maintain their beating Na/Ca exchanger message levels. When cells were treated for 4 h with 1 m 8-Br-cAMP in the presthroughout the culture period. Because the maximum response was observed at 4 h, all subsequent ence of the phosphodiesterase inhibitor IBMX (10 −4 ), we observed an increase similar to the measurements of mRNA accumulation were performed at this time.
effect of isoproterenol (Fig. 4) . To determine whether conditions that augment To determine whether the isoproterenol induced increase in Na/Ca exchanger gene expression resCa 2+ influx 7 might enhance Na/Ca exchanger expression, cells were exposed to 4.8 m Ca 2+ and ulted in changes in protein levels, we performed immunoblot analysis employing a polyclonal anti-NCX1 transcript abundance was determined. We demonstrate a 2.5-fold increase in exchanger tranbody raised against the purified dog cardiac sarcolemmal Na/Ca exchanger. greater than that observed with isoproterenol.
Effects of -adrenergic stimulation on Na/Ca exchanger we performed in vitro transcript initiation and elongmessage abundance ation (nuclear run on) assays. Myocytes were treated with 10 −6  isoproterenol for 60 min; the To analyze the effects of -adrenergic stimulation nuclei were isolated and in vitro transcript elongon Na/Ca exchanger expression, neonatal myocytes ation was carried out for 30 min. Following DNase were treated with phenylephrine in the presence of and proteinase K treatment, the RNA was isolated 10 −5  propranolol to block possible -adrenergic and hybridized to a linearized plasmid cDNA. Figure  stimulation . Following a 4 h incubation with 20  6 (upper panel) shows a slot blot of a typical phenylephrine, Na/Ca exchanger mRNA abundexperiment. Isoproterenol induced approximately a ance was decreased by >60% when compared to two-fold increase in transcription initiation rate for control cells treated with the inactive phorbol ester, Na/Ca exchanger when compared to that for the 4 alpha-phorbol 12,13-didecanoate (100 n) (Fig. housekeeping gene, GAPDH (Fig. 6 , lower panel) 5). Similarly, when cells were treated with the (P<0.01). -adrenergic specificity was determined PKC activator PMA we observed a 58% decline in by pretreating myocytes with a -adrenergic anexchanger message abundance. When the PKC tagonist propranolol (10 −5 ) for 30 min before inhibitor chelerythine (1 n) was added to cultured adding isoproterenol. In the presence of propranolol, neonatal myocytes the phenylephrine induced deisoproterenol stimulation of Na/Ca exchanger trancrease in Na/Ca exchanger message was abolished. scription initiation rate is abolished. Propranolol by itself had no effect on transcription initiation rates for Na/Ca exchanger (data not shown). Thus the increase in Na/Ca exchanger mRNA levels induced Effects of isoproterenol on Na/Ca exchanger rate of by isoproterenol is due to an increase in the trantranscription scription initiation rate for NCX1. To confirm that the isoproterenol effect was meTo examine the mechanism whereby isoproterenol increases Na/Ca exchanger transcript abundance diated by PKA signaling, we tested the effect of H-89, ( ) was markedly faster (smaller ) in myocytes pretreated with isoproterenol, indicating an enhanced rate of intracellular Ca 2+ removal and/or sequestration [ Fig. 8(b) ] [395±19 ms (control) v 274±12 ms (P<0.01)].
To determine whether the changes in the facilitated Ca 2+ removal is attributable to enhanced Na/Ca exchanger function, the SR Ca 2+ -ATPase (responsible for Ca 2+ re-sequestration) was blocked by the presence of thapsigargin (5 ) in the perfusion buffer, and the experiment was repeated. As expected, thapsigargin by itself slowed the decline of the Ca 2+ transient significantly in control myocytes (P<0.05). In myocytes that had been pretreated with isoproterenol for 4 h, in the presence of thapsigargin, the rate of decline of the calcium transient 
Discussion
The cardiac electrophysiological events, membrane a protein kinase A inhibitor, on the isoproterenolintegrity, energy metabolism and contractile funcinduced increase in the rate of transcription initition of the heart are closely regulated by levels ation for the Na/Ca exchanger gene. H-89 (10 −6 ) of intracellular Ca
2+
. Maintaining intracellular-free by itself had no effect on transcription initiation Ca 2+ concentration within a narrow range requires rate for the Na/Ca exchanger (Fig. 7) . However, a fine balance in the coordinated expression and following a 30 min pretreatment with H-89, isofunction of Ca 2+ regulating proteins including the proterenol effects on Na/Ca exchanger transcription Na/Ca exchanger and L-type Ca 2+ channel. Thereinitiation rate are inhibited, confirming that isofore abundance and function of L-type Ca 2+ channel proterenol effects on transcription initiation are and Na/Ca exchanger are pivotal in determining mediated through a cAMP-dependent pathway.
[Ca
] i and subsequent contractile performance. The Na/Ca exchanger is the major mechanism for Ca 2+ extrusion during relaxation of the cardiac Effects of isoproterenol on Ca 2+ transients myocyte. During diastole, the exchanger uses the sodium Does augmented NCX1 expression alter the Ca 2+ transient functionally? To answer this question, gradient to exchange Na + for Ca 2+ in a 3:1 ratio.
15
The Na/Ca exchanger was originally cloned from myocytes were pretreated with isoproterenol (10 −6 ) or control buffer for 4 h to enhance NCX1 canine heart. 16 Since that time it has been shown to be expressed in a variety of tissues including expression. The isoproterenol was then removed, and the cells were washed before being loaded with brain and kidney. 10 The Na/Ca exchanger structure has been well characterized but little is known fura-2 for functional analysis. The Ca 2+ transient amplitude and rate of decay constant ( ) was reabout the regulation of exchanger expression. Alterations in Na/Ca exchanger activity have corded. Representative traces from control and treated groups are shown in Figure 8(a) . The isobeen shown to be associated with a number of cardiac abnormalities including end stage heart proterenol-treated myocytes, paced by field stimulation, displayed an increased amplitude of the Ca 2+ failure and pressure overload induced hypertrophy. 17, 18 There is a stoichiometric relationship transient [ Fig. 8(c) . ] homeostasis under conditions where Ca 2+ channel expression is inNa/Ca exchanger in augmenting the calcium transient relaxation rate. These data suggest that isocreased, we postulate that augmented Na/Ca exchanger expression might occur.
proterenol stimulation of transcription of the NCX1 gene results not only in enhanced transcript and Our results indicate that, similar to findings for the L-type Ca 2+ channel, Na/Ca exchanger mRNA protein for the Na/Ca exchanger, but also enhanced Na/Ca exchanger function. Because the peak calabundance and protein levels are increased in neonatal cardiac myocytes following isoproterenol cium transient was increased under these conditions, we cannot exclude the possibility that the treatment (Fig. 1) 7 We hypothesize that augmenting intracellular calcium might increase Na/Ca exchanger expression. This proved to be the case;
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